ABSTRACT NiO, Co(OH) 2 , Ir oxide, and Ru oxide were combined as rechargeable materials with TiO 2 or Pt-TiO 2 photocatalyst to obtain novel photocatalysts with oxidative energy storage abilities. NiO, which is more stable than the conventional storage material, Ni(OH) 2 , showed similar characteristics to those of Ni(OH) 2 . The redox potential of Co(OH) 2 was more negative, and those of Ir oxide and Ru oxide were more positive than that of Ni(OH) 2 . The photoelectrochemically charged Ir oxide was reduced by acetone, acetic acid, Br − , and water. The diversity of energy storage materials was accordingly improved in terms of the reaction potential and stability.
Introduction
TiO 2 is practically used as photocatalysts driven by UV light. 1, 2 Electrons in the TiO 2 valence band are photoexcited to the conduction band, and holes are generated in the valence band, accordingly. The excited electrons and holes are used for reduction and oxidation reactions, respectively, which allow application to, for instance, removal of harmful compounds and bacteria. However, TiO 2 functions as a photocatalyst only under illumination. In order to retain its useful effects even after dark, we have developed photocatalysts with energy storage abilities. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] They can store surplus charges from photocatalysts in rechargeable materials during the day, and the stored charges are used to carry on redox reactions during the night.
We have combined TiO 2 3-8 or SrTiO 3 9 as well as Au-TiO 2 , 10 which exhibits photocatalytic activity on the basis of plasmoninduced charge separation, [16] [17] [18] [19] with a rechargeable material such as WO 3 , [3] [4] [5] [6] 9, 10 MoO 3 , 7, 10 or H 3 PW 12 O 40 (PWA), 8 which undergoes redox reactions at negative potentials. Those photocatalysts with reductive energy storage abilities retain some photocatalytic effects based on cathodic reactions, such as anti-bacterial 6 and anticorrosion 3 effects, even after dark. We also used Ni(OH) 2 , [11] [12] [13] [14] which undergoes redox reactions at positive potentials, as a rechargeable material to develop photocatalysts with oxidative energy storage abilities [ Fig. 1(a) ]. They persist even after dark some effects based on oxidative reactions, such as mineralization of formaldehyde to CO 2 13 and oxidative removal of other harmful organic compounds like phenol. 11 However, their oxidation abilities are limited by the redox potential (ca. +0.7 V vs. Ag«AgCl at pH 10) and stability (pH > 7) of Ni(OH) 2 . Therefore, here we investigate other redox-active metal oxides and hydroxides as rechargeable materials to combine with photocatalysts, for improvement of the diversity of photocatalysts with energy storage abilities in terms of the reaction potential and stability. Here we employed NiO, which is more stable, Co(OH) 2 , which is expected to drive milder oxidative reactions selectively, and Ir oxide and Ru oxide, which are anticipated to be applied to a wider variety of oxidative reactions than Ni(OH) 2 .
Experimental
An indium tin oxide (ITO)-coated glass plate or a pyrex glass plate was coated with metal oxide films after cleaning by sonication in a surfactant and then in 1 M NaOH. A TiO 2 film (2.5 cm 2 ) was prepared from an anatase TiO 2 sol (STS-21, Ishihara Sangyo) diluted with ultrapure water (v/v = 3:1) by spin-coating at 1500 rpm for 10 s, and annealed at 400°C for 1 h. Pt was deposited photocatalytically on TiO 2 from 0.05 mM aqueous H 2 PtCl 6 . 12 The substrate was kept under black light at least 12 h before use.
A NiO film (1.0 or 0.8 cm Electrochemical measurements were performed in a pH 10 sodium carbonate buffer or 0.1 M aqueous NaNO 3 . A Hg-Xe lamp (Luminar Ace, Hayashi Watch-Works) with a 365 nm band-pass filter (FWHM 44 nm) was employed for UV-irradiation (100 mW cm ¹2 ). Remote energy storage 12 was carried out in air at >80% relative humidity (RH) by using polyimide films for adjusting the gap between Pt-TiO 2 and a metal oxide film.
Results and Discussion

Oxidative energy storage abilities of NiO
In cyclic voltammetry (CV) of NiO at pH 10, redox waves were observed at around +0.7 V vs. Ag«AgCl [ Fig. 2(a) ]. Photoelectrochemical charging of the NiO film was examined by the remote energy storage system, 12 in which a rechargeable material apart from a photocatalyst is oxidized on the basis of photocatalytic remote oxidation [ Fig. 1(b) ], [24] [25] [26] because it is less affected by the film thickness and electron conductivity. In the photocatalytic remote oxidation, oxygen is reduced at the photocatalyst surface to hydrogen peroxide, which diffuses in the gas phase. 27 The diffused hydrogen peroxide is photocleaved into hydroxyl radicals, which oxidizes a target material. 26 Remote oxidation is therefore accelerated by decreasing the gap between the photocatalyst and the target. 25 The Pt-TiO 2 film was faced to the NiO film (gap = 12.5 µm) and irradiated with UV light for 1.5 h. However, no significant change in absorbance or potential of the film was observed, suggesting that it was not oxidized because of its lower redox activity than Ni(OH) 2 .
Then we prepared a NiO film on a TiO 2 film to examine direct photoelectrochemical charging 11 under UV light. Although the NiO film was not charged in air (>80% RH), an increase in absorbance, which suggested oxidation of NiO, was observed in a pH 10 carbonate buffer, although the rate was 10-fold lower than that for Ni(OH) 2 . Ion transport between anodic and cathodic sites is necessary in any electrochemical systems. In the present system, the ion transport in the adsorbed water layer [ Fig. 1(a) ] may not be sufficiently fast. So as to accelerate the ion transport and thereby oxidation of NiO, the NiO-TiO 2 mixed film was prepared for minimizing the distance between the anodic and cathodic sites. As a result, we found that the photoelectrochemical charging of the mixed film is possible even in dry air (<20% RH). We therefore expect that NiO, which is more stable than Ni(OH) 2 , can also work as a rechargeable material. 2 The Co(OH) 2 film exhibited redox waves at around +0.5 V in CV at pH 10 [ Fig. 2(b) ]. Color of the film changed from pale blue to pale brown in the first cycle. In the following cycles, the film exhibited reversible electrochromic behavior between pale brown (reduced) and greenish brown (oxidized). The Co(OH) 2 film was anodically charged by polarization at +1.0 V for 60 s at pH 10, and discharging curve was obtained at 500 nA cm ¹2 [ Fig. 3(a) ]. Although the potential during the discharging (+0.4-+0.5 V) was more negative than that of Ni(OH) 2 (+0.5-+0.6 V), 11, 12 Co(OH) 2 can also store oxidative energy. Then photocatalytic remote energy storage (gap = 12.5 µm) in Co(OH) 2 was examined (6 h). As a result, the film turned to greenish brown, suggesting that the film was oxidized [ Fig. 3(a) , inset]. It is therefore expected that Co(OH) 2 can selectively drive oxidative reactions that take place at milder potentials.
Oxidative energy storage abilities of Co(OH)
Oxidative energy storage abilities of Ir oxide and Ru oxide
The major component of the prepared Ir oxide was identified by XPS analysis as Ir(III)(OH) x Cl 3¹x ·yH 2 O. [28] [29] [30] Similarly, the prepared Ru oxide was suggested to be a mixture of Ru(III) oxide and hydroxide (i.e. Ru(III)O x (OH) 3¹2x ). 28 The redox waves in CV in 0.1 M aqueous NaNO 3 of the Ir oxide at around +1.0 V and Ru oxide at around +0.9 V were assigned to Ir(III/IV) 31, 32 and Ru(III/IV), 33 Electrochemistry, 82(9), 749-751 (2014) and discharged at 500 nA cm ¹2 [ Fig. 3(b) ]. Although a plateau region is observed for the Ru oxide at ³+0.9 V, the Ir oxide behaves more like a capacitor. In either event, the charged oxides are expected to induce oxidative reactions that cannot be driven by the charged Ni(OH) 2 .
Then we examined remote energy storage (gap = 7.5 µm). The Ir oxide film turned from pale yellow to blue, which is the color of Ir(IV) oxide 32 after 15 h irradiation. Open circuit potential (in 0.1 M aqueous NaNO 3 , in dark) of the Ir oxide-coated electrode shifted positively from ³+0.4 V to ³+0.9 V after the storage. In subsequent discharging at 500 nA cm ¹2 (cutoff potential = +0.4 V), ³0.5 mC cm ¹2 of charges were taken from the film. In the case of the Ru oxide film, although no significant color change was observed even after irradiation for 36 h because the as-prepared Ru oxide film looked dark brown, the open circuit potential shifted positively from ³+0.4 V to ³+0.7 V. We therefore conclude that both Ir oxide and Ru oxide function as rechargeable materials.
Oxidation reactions driven by the charges stored in Ir
oxide Oxidation reactions that can be induced by the photoelectrochemically oxidized Ir oxide film were investigated and monitored by measuring the reductive bleaching of charged Ir oxide. Although no significant bleaching was observed in the case of exposure to 1 M aqueous KCl, the film was immediately bleached by 1 M aqueous KBr, acetic acid, and acetone. These results suggest that the charged Ir oxide can rapidly oxidize those substances, which are slowly or hardly oxidized by the oxidized Ni(OH) 2 . 11 In dry air (<20% RH), the bleaching ratio was less than 10% at least for 24 h in dark. In contrast, vaporized acetone bleached the charged Ir oxide within 1 min. In addition, the film was almost completely bleached in a humid air at >80% RH in 10 h (Fig. 4) , suggesting that water oxidation is possible while the reaction is slow. It is reasonable because an IrO 2 electrode is reported to oxidize water to oxygen at +1.1 V vs. Ag«AgCl in 0.1 M aqueous KNO 3 (pH 6.3). 34 It was confirmed that the Ir oxide film bleached by water vapor can be reoxidized photoelectrochemically.
Conclusions
NiO, Co(OH) 2 , Ir oxide, and Ru oxide can be used as rechargeable materials for photocatalysts with oxidative energy storage abilities. NiO, which is more stable than Ni(OH) 2 , exhibits similar characteristics to those of Ni(OH) 2 . Co(OH) 2 , discharging potential of which is more negative than that of Ni(OH) 2 , is expected to drive milder oxidation reactions selectively. Ir oxide and Ru oxide exhibit more positive discharging potentials. The photoelectrochemically charged Ir oxide would oxidize acetone, acetic acid, Br ¹ , and water even after dark. The diversity of photocatalysts with energy storage abilities was improved in terms of the reaction potential and stability. Figure 4 . Time course of normalized absorbance of a photoelectrochemically oxidized Ir oxide film in dry air (<20% RH) and that in humid air (>80% RH). The temporary absorbance increase in humid air reflects a decrease in scattering due to condensation of water vapor.
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